ABSTRACT Amblyomma americanum (lone star tick) is known or suspected to vector several organisms that are implicated as human pathogens, including Ehrlichia chaffeensis, E. ewingii, and Borrelia lonestari. These three agents have also been detected in white-tailed deer (Odocoileus virginianus). Because northeastern Georgia has a high abundance of both lone star ticks and whitetailed deer, and one of these organisms, E. chaffeensis, is already known to be endemic in the area, we assayed individual adult A. americanum, collected during the spring of 2001, 2002, and 2003, for these three organisms. A total of 400 ticks were dissected and tissues assayed by polymerase chain reaction (PCR) using Ehrlichia species-speciÞc and Borrelia genus-wide primers. Of ticks tested, 2.0% (8/398) had evidence of E. chaffeensis, 4.8% (19/398) had evidence of E. ewingii, and 1.0% (4/398) had evidence of B. lonestari. Borrelia sp. spirochetes were also visualized by an indirect ßuorescent antibody test, using an anti-ßagellin monoclonal antibody (H9724), in a total of 10.7% (32/300) of ticks tested in 2003. These results reconÞrm the presence of E. chaffeensis and establish evidence of E. ewingii and B. lonestari in questing adult A. americanum ticks from northeastern Georgia. Detection of at least two of the three organisms in ticks collected each year suggests that people in northeastern Georgia are at risk of infection with these organisms.
. In addition, this organism has been found in white-tailed deer, the primary reservoir host, throughout this range (Lockhart et al. 1997b , Little et al. 1998 , Little and Howerth 1999 , Arens et al. 2003 , and evidence of infection has been repeatedly identiÞed in deer from northeastern Georgia (Lockhart et al. 1995 , 1997a , b, Little and Howerth 1999 .
Ehrlichia ewingii has also been identiÞed in A. americanum ticks from Missouri, North Carolina, and Oklahoma (Murphy et al. 1998 , Wolf et al. 2000 , Steiert and Gilfoy 2002 and in white-tailed deer, a suspected reservoir host, from Arkansas, Georgia, Kentucky, Missouri, North Carolina, and South Carolina (Yabsley et al. 2002 , Arens et al. 2003 . In addition, natural infection has been reported in dogs (Anderson et al. 1992a , Dawson et al. 1996a , Goldman et al. 1998 , Murphy et al. 1998 ) and in humans (Buller et al. 1999 , Paddock et al. 2001 in several states within the range of A. americanum.
Borrelia lonestari has been identiÞed in A. americanum (Armstrong et al. 1996 , Barbour et al. 1996 , Burkot et al. 2001 , Bacon et al. 2003 , Stegall-Faulk et al. 2003 , Stromdahl et al. 2003 ) and white-tailed deer (Moore et al. 2003) . ConÞrmed and suspected human cases of STARI have been reported from several southeastern and southcentral states, including Georgia (Campbell et al. 1995 , Masters and Donnel 1995 , Kirkland et al. 1997 , Felz et al. 1999 , James et al. 2001 . Recently, B. lonestari was isolated directly from wild lone star ticks collected from Clarke County, in northeastern Georgia (Varela et al. 2004 ), providing substantial conÞrmation that A. americanum also harbors this pathogen.
Although the presence of E. chaffeensis has been established in ticks from northeastern Georgia, there was no record of E. ewingii or B. lonestari in ticks from this area despite evidence of these organisms in deer (Lockhart et al. 1997b , Yabsley et al. 2002 , Moore et al. 2003 . The objective of this study was to conÞrm the presence and determine the prevalence of these three disease agents in A. americanum ticks from northeastern Georgia over a 3-yr sampling period and to evaluate the occurrence of co-infection with multiple pathogens in individual ticks.
Materials and Methods
Tick Collection. Adult A. americanum ticks were collected from Whitehall Experimental Forest, an 800-acre research and teaching site at the University of Georgia, consisting of mixed pine and hardwood forest in Clarke County, GA (33Њ57Ј N, 83Њ22Ј W). In 2001 and 2002, additional tick collections were made on the Moore and Ambrose estates in Clarke and Oconee (33Њ50Ј N; 83Њ26Ј W) Counties, respectively. Ticks were collected from March to May, corresponding with the peak adult activity for A. americanum in Georgia ) using CO 2 (dry ice) traps (Gladney 1978, Koch and McNew 1982) . Brießy, traps were constructed from Ϸ0.3-m 2 (1 ft 2 ) pieces of cardboard lined along the periphery with masking tape facing upward. Dry ice was placed in the center of the traps and allowed to sublimate several hours. Ticks were removed from masking tape, and A. americanum adults were maintained at 94% RH until processed for assays. Sample Preparation. Individual adult A. americanum were sectioned through a coronal plane using sterile #11 scalpel blades under a dissection microscope. Tissue contents were scraped and removed using the scalpel blade and a plastic toothpick for each tick and were placed in 100 l 0.1% diethyl pyrocarbonate (DEPC). Samples were frozen at either Ϫ70 or Ϫ20ЊC until extraction.
For ticks collected in 2003, 5Ð10 l of tissue contents from the 100 l 0.1% DEPC suspension was also smeared on two microscope slides precleaned with 100% ethanol for indirect ßuorescent antibody testing (IFA). Smears were allowed to air dry and stored at Ϫ70ЊC until assayed.
PCR. DNA template for PCR assays was prepared using the Instagene Matrix (2001 samples; Biorad Laboratories, Hercules, CA) and GFX genomic blood DNA puriÞcation kit (2002 and 2003 samples; Amersham Biosciences, Piscataway, NJ) on 50 l of tick tissue suspension in 0.1% DEPC. To evaluate the samples for ampliÞable DNA, samples were tested for the presence of tick mitochondrial 16S rDNA using primers 16S ϩ2 and 16S Ϫ1 in a previously described protocol with the substitution of 1.25 U of Taqbead Hot Start Polymerase (Promega, Madison, WI) per 50 l for the manual hot start (Black and Piesman 1994) . A nested PCR assay that included negative (water) and positive controls was used for detection of all three organisms. The 16S rRNA gene was targeted for detection of Ehrlichia spp., using 10 l of DNA template in a primary PCR reaction with external primers ECC and ECB, which target all Ehrlichia spp. (Anderson et al. 1992b , Dawson et al. 1994 . For secondary PCR ampliÞcation, 1 l of primary product was used in reactions with species-speciÞc primers HE1 and HE3 (Dawson et al. 1994) , and EE72 and HE3 (Dawson et al. 1996b ) for the detection of E. chaffeensis and E. ewingii, respectively. An additional nested PCR assay that targets the variable length PCR target (VLPT), a gene speciÞc to E. chaffeensis that encodes an immunoreactive protein, was also used to screen ticks for E. chaffeensis and to additionally differentiate isolates based on the number of tandem repeats as previously described . Brießy, primers FB5 and FB3 were used in a primary PCR reaction with 2.5 l DNA template, and primers FB5A and FB3A were used with 1 l of primary product in the secondary PCR reaction.
External primers FLALL and FLARL and internal primers FLALS and FLARS, which amplify a region of the flaB gene of all species in the genus Borrelia, were used in a nested PCR assay as previously described to detect Borrelia spp. (Barbour et al. 1996 , Moore et al. 2003 . Primary PCR was performed using 10 l of DNA template, and 1 l of primary product was used as template in the secondary PCR reaction. AmpliÞed products from all PCR assays were separated by electrophoresis on 2% or 4% (VLPT gene target products only) agarose gels stained with ethidium bromide and visualized by UV transillumination. DNA extraction, primary and secondary PCR reactions, and product visualization were performed in separate designated laboratory areas to minimize risk of PCR contamination. All flaB Borrelia spp. amplicons and a representative amplicon of E. ewingii were sequenced to establish and conÞrm identity, respectively. Products were puriÞed and concentrated using a Microcon 100 microconcentrator (Amicon, Beverly, MA) and submitted for sequencing to MWG-BIOTECH (High Point, NC). Sequences were aligned using ClustalX multiple alignment program and compared with GenBank sequences for the flaB gene of Borrelia spp.
Indirect Fluorescent Antibody Test. Ticks collected in 2003 also were screened for evidence of Borrelia spp. by an indirect ßuorescent antibody test (Luckhart et al. 1991 ) using the Borrelia genus-wide antißagellin monoclonal antibody (MAb) H9724 (kindly provided by Tom Schwan, Rocky Mountain Laboratories, MT) (Barbour et al. 1986 ). Brießy, tissue smears were Þxed in acetone and incubated with undiluted H9724 monoclonal antibody for 25 min at 37ЊC, washed twice for 5 min in phosphate-buffered saline (PBS; pH 7.2), and rinsed for 5 min in distilled water. After drying, slides were incubated with ßuorescein isothiocyanate-conjugated goat anti-mouse (1:30) for 25 min; the wash steps were repeated with a Þnal rinse in 0.00066% erichrome black T counterstain for 10 min to minimize auto-ßuorescence from tick tissues. A positive control slide consisting of B. burgdorferi (Guilford strain) live culture mixed with tick tissue from laboratory-reared adult A. americanum, and a negative control slide consisting of tick tissues from laboratory-reared adult A. americanum were included in each assay of wild A. americanum ticks tested. Control slides were subjected to the same IFA procedures. Slides were examined on a Nikon Eclipse E-200 compound microscope under UV ßuorescence.
Results
Amblyomma americanum ticks from Clarke County had evidence of all three disease agents during the 3-yr sampling period of 2001Ð2003 (Table 1) . AmpliÞable tick mitochondrial DNA was detected in all but two ticks assayed over the 3-yr period. In 2001, 6.1% (3/49) and 4.1% (2/49) had DNA consistent with E. chaffeensis by ampliÞcation of the VLPT and16S rDNA gene, respectively. In 2002, 4% (2/50) of ticks were positive for E. chaffeensis by ampliÞcation of VLPT, but all ticks were negative by 16S rDNA PCR. In 2003, 1.0% (3/ 299) and 0.67% (2/299) had evidence of E. chaffeensis by detection of the VLPT and 16S rRNA genes, respectively. E. chaffeensis strains with three (n ϭ 1), four (n ϭ 6), and Þve (n ϭ 1) tandem repeats in the VLPT gene were detected in ticks (data not shown). (Table 1) . Sequences from the four positive ticks (Genbank accession nos. AY552533Ð AY552536) were identical to published Genbank se- quences for B. lonestari (Table 2) . A 3-bp insert (5Ј-AGA-3Ј) at positions 330 Ð332 that has been reported in several B. lonestari sequences (Moore et al. 2003) was also present in three of the four amplicons. All four sequences contained an adenosine at base position 348, where an adenosine or a guanine base has been reported in published B. lonestari sequences from ticks (Barbour et al. 1996 , Burkot et al. 2001 , James et al. 2001 . Spirochetes that reacted to the H9724 Borrelia genus-wide MAb were detected by IFA in 10.7% (32/ 300) of ticks assayed in 2003, including both of the ticks with DNA evidence of B. lonestari. Ticks that were PCR negative but IFA positive had comparably fewer spirochetes, often seen as small clumps (Fig.  1A) , than ticks that were PCR positive. In the two PCR positive ticks, large numbers of spirochetes were seen throughout the tissues (Fig. 1B) .
Discussion
DNA from at least one of three tick-borne bacterial pathogens was detected in 7.8% of adult A. americanum collected in northeastern Georgia from 2001 to 2003. The overall prevalence of E. chaffeensis, E. ewingii, and B. lonestari for the 3-yr study ranged between 1.0% (B. lonestari) and 4.8% (E. ewingii). The prevalence of E. chaffeensis was 1.0 and 2.0% for the two DNA targets assayed, a lower prevalence than the 7.6 Ð15% that has been reported in previous studies that tested individual ticks (Lockhart et al. 1997b , Ijdo et al. 2000 , Whitlock et al. 2000 , Stromdahl et al. 2001 , Steiert and Gilfoy 2002 . Of 50 adult A. americanum ticks collected from Whitehall Experimental Forest from 1993 to 1995, 12% had 16S rDNA fragments characteristic of E. chaffeensis (Lockhart et al. 1997b ). The prevalence of E. chaffeensis by VLPT assay alone was 6.1, 4.0, and 1.0% in ticks collected in this study over successive years. However, considering the limited time period and our relatively small sample size, particularly for 2001 and 2002, any interpretation of this change in prevalence is precluded. Continued annual monitoring using larger tick sample sizes and analyzing data in combination with environmental variables may identify trends in prevalence, if present.
AmpliÞcation of the VLPT gene in A. americanum showed variants of E. chaffeensis with three, four, and Þve tandem repeats, all of which have been previously reported from A. americanum and white-tailed deer , Stromdahl et al. 2000 . The four-repeat variant was the strain most often detected in this study; before this work, the four-repeat variant has been the only strain detected in this location . The three-repeat strain has been detected from a human patient in Georgia, and all three strains have been detected from white-tailed deer in other areas of Georgia . Thus, our Þndings establish the presence of multiple VLPTbased strains of E. chaffeensis in a single population of lone star ticks.
The prevalence of E. ewingii, although variable (0 Ð 8.0%), was comparable with those reported from previous studies of wild lone star ticks. In adult A. americanum ticks assayed from North Carolina, the prevalence was 0.65% in 1999, whereas in Missouri, where E. ewingii infection has been diagnosed in humans, the prevalence was 5.4% in 2000 (Buller et al. 1999 , Wolf et al. 2000 , Paddock et al. 2001 , Steiert et al. 2002 . Because E. ewingii has been detected in whitetailed deer in Georgia (Yabsley et al. 2002) , and A. americanum is a known vector capable of transmitting this organism (Anziani et al. 1990) , its presence in lone star ticks in our study is not surprising. Interestingly, both E. chaffeensis and E. ewingii DNA was detected in one tick, suggesting that humans could be exposed to both pathogens through the bite of a single lone star tick.
We also found B. lonestari DNA in 1.0% of ticks over the 3 sampling yr. Previous studies have reported a wide range of prevalence, including 11% (2/19) in adult A. americanum from Alabama (Burkot et al. 2001) , a minimum infection rate of 5.6% in pooled nymphal and adult A. americanum from southeast Missouri (Bacon et al. 2003) , and a minimum infection rate of 0.84% in A. americanum from Tennessee ( Stegall-Faulk et al. 2003) . In addition, low estimated or actual prevalence of infection (1.2Ð 4.3%) was recently reported in A. americanum removed from humans in several different states (Stromdahl et al. 2003) . Despite our relatively low infection prevalence by PCR, Borrelia spirochetes were detected using an anti-ßagellin monoclonal antibody in 10.7% of ticks assayed in 2003. Disagreement between detection methods for B. burgdorferi has been reported (Kahl et al. 1998 , Gustafson et al. 1989 , and a higher B. burgdorferi infection rate in ticks was previously observed using IFA in comparison to PCR assay (Kahl et al. 1998) . Although the anti-ßagellin MAb H9724 is Borrelia-wide and will not recognize Treponema, Leptospira, or Spirochaeta, other Borrelia spp. may be detected using this antibody (Barbour et al. 1986 ). However, because PCR ampliÞcation of the flaB gene also is not species-speciÞc, other Borrelia spp., including B. burgdorferi, which have been reported from A. americanum (Teltow et al. 1991 , Luckhart et al. 1991 , Feir et al. 1994 , Oliver et al. 1998 , Stromdahl et al. 2001 ) would also be detected using this assay, suggesting that the IFA may be a more sensitive method. The recent isolation of B. lonestari from a pool of 10 ticks collected from Whitehall Experimental Forest (Varela et al. 2004) shows that viable organism is present in this tick population and suggests that the actual prevalence of infection may be higher than our calculated 1.0% by PCR. Regardless, the detection of DNA consistent with B. lonestari and the presence of Borrelia spp. in tick tissues of A. americanum substantiate the presence of organism in this area of Georgia.
Historically, A. americanum was considered a relatively insigniÞcant vector of human disease. In recent years, this tick has become recognized as an important component of the natural history and zoonotic transmission of several newly recognized pathogens. Understanding the potential of A. americanum to transmit disease agents is increasingly important because of the apparent expanding geographic range of lone star ticks and the signiÞcance of these pathogens for both immunocompetent and immunocompromised humans (Childs and Paddock 2003) . This study highlights the importance of A. americanum as a vector of human disease agents and underscores the need for continued efforts to understand the epidemiology of Amblyomma-vectored human pathogens in the southeast.
